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Abstract. The article describes the impact of a fuel-consuming power generator on energy production costs. The research is based on a thermodynamic 
engine model for which the energy source is hydrocarbon fuel. The results of the studies on the thermodynamic engine are energy cost functions for which 
the variable is electrical power. The presented characteristics reflect the impact of fuel prices on the minima of the cost function. In addition, the 
characteristics reflect the location of the extremes of functions in the coordinate system relative to the maximum of the function of efficiency. The article 
concludes with a cost model for thermodynamic engines for which hydrocarbon fuel is purchased. Article proposes the cooperation of generators with 
renewable sources to increase and stabilize the power rating of power systems. 
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ZARZĄDZANIE MOCĄ W ASPEKTACH CEN WYTWARZANIA ENERGII 
DLA GENERATORÓW ZUŻYWAJĄCYCH PALIWO 
Streszczenie. Artykuł opisuje wpływ mocy generatora energii zużywającego paliwo na koszty wytwarzania energii. Badania bazują na modelu silnika 
termodynamicznego, dla którego źródłem energii jest paliwo węglowodorowe. Efektami badań silnika termodynamicznego są funkcje kosztów energii, dla 
których argumentem jest moc elektryczna. Zaprezentowane charakterystyki uwzględniają wpływ cen paliwa na minima funkcji kosztów. Ponadto 
charakterystyki odzwierciedlają położenie ekstremów funkcji w układzie współrzędnych względem maksimum funkcji sprawności. W podsumowaniu artykuł 
prezentuje model wyznaczania kosztów dla silników termodynamicznych, dla których kupowane jest paliwo węglowodorowe. W artykule zaproponowano 
współprace generatorów ze źródłami odnawialnymi w celu zwiększenia i stabilizacji mocy znamionowych systemów elektroenergetycznych. 
Słowa kluczowe: koszty wytwarzania energii, generacja rozproszona, odnawialne źródła energii
Introduction 
In Europe, the future intention of the national power systems 
is to achieve participation of distributed energy based on 
renewable sources [3, 4]. Due to the use of renewable energy in 
power systems and improvement of energy efficiency in social 
and industrial areas, the pro-ecological ideas of reducing carbon 
dioxide and energy costs are being promoted as future areas of 
European energy infrastructure. 
Current European Union countries and global economies 
attach importance to reducing energy consumption in industry and 
households, while environmental pollution and climate change are 
at the center of attention of the whole world [11]. In Europe, due 
to the consistent pursuit of the goal of reducing carbon dioxide 
production, there is currently a need and the will to use energy 
produced from renewable sources, to improve energy efficiency in 
energy generation and to reduce energy consumption indicators. 
With the high social costs of using fossil fuels, deteriorating 
climate changes and local environmental problems, renewable 
energy and combined production techniques are considered to be 
effective methods of clean energy generation, the use of which 
enjoys interest in distributed generation and micro power systems . 
In Poland, thanks to the establishment of a new energy law 
[15], which applies to “energy prosumers” and small energy 
production, new possibilities are arising and more attention is 
currently being paid to the multi-criteria aspects of distributed 
energy generation and power systems design [2, 8]. These multi-
criteria aspects include renewable energy sources for generating 
electricity and heat in power systems. At present, the advantages 
and disadvantages as well as the technical and economic 
possibilities of various energy production techniques are being 
considered in home power systems when the installation of the 
heating and hot water supply are designed [14]. 
The expected result of work optimization in the power system 
is to achieve energy system self-sufficiency. By increasing the 
energy produced from renewable sources and improving the 
energy efficiency in the power systems and devices used in homes 
and industry, international power systems and home systems are 
seeking to achieve reduced fossil fuel usage. 
Issues of lifestyles indulging in excessive energy consumption 
are currently being raised around the world. [6]. Along with the 
increase in social consumption, particularly strong increases in 
energy consumption are being observed in the power industry. 
Around the world, rapid increases in energy consumption are 
being observed in developing and also developed countries. With 
the rapid development of national economies, side effects 
resulting from the production of energy from fossil fuels are 
suddenly becoming growing problems. 
Currently, the main goal of The European Union’s European 
global energy policy is the introduction an energy action program 
to reduce fossil fuel usage. Therefore, the creation of new, well-
thought-out, flexible, stable and efficient systems for the 
production of power and heat is an important project regarding the 
functioning of national power systems. The trend of rising energy 
prices and the future possibility of a global crisis makes energy 
resource management criteria crucial from an economic 
perspective. 
Over the past several years, experience in use of renewable 
sources has resulted in confidence in the safety of energy 
production from renewable sources and the use of clean energy is 
becoming more common [5]. In connection with the general 
upward trend in energy prices, and to meet the growing demand 
for energy, the opportunities to use energy resources accumulated 
in renewable energy and the techniques of clean, efficient energy 
production are attracting more attention in small and medium 
power systems around the world. 
In power systems, the details and goals which connect the 
functioning of power industry can in time perspective easily 
modified in the unintended direction, and in such cases the effects 
of these modifications in the organization stages are new for users 
and sometime are also confusing . Therefore at the design stage, 
planning the results of future events in the structure of the power 
system need special attention [10]. 
1. Characteristics of distributed generation 
Small generators for power production using combined power 
generation techniques have developed rapidly in recent years and 
are considered to be appropriate for distributed generation [1]. 
Distributed generation systems are suitable for satisfying 
mainly local needs and are used for the production of so-called 
green energy.  
In distributed generation, the aspect of maximizing profits and 
improving the rate of use of renewable energy are important 
nowadays. In small thermodynamic engines, saving one joule of 
consumed energy results on average in two to four joules of saved 
energy from fuel. 
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The economic advantages of hybrid and combined energy 
production systems and the use of distributed generation 
techniques, together with renewable energy sources, are the most 
promising future prospects of distributed power generation 
systems [12]. The ease of configuring the characteristics of 
distributed energy generation together with the capabilities of 
working with combined power systems, make the design of 
renewable energy with combined energy production systems 
universal and predisposed to achieve the highest efficiency. 
Most distributed generation systems, thanks to the possibility 
of using renewable energy, focus on opportunities that provide 
reductions in carbon dioxide emissions and optimization of fuel 
consumption. 
In distributed generation systems, due to the functionality of 
the low-power generation technique, it is currently preferable use 
dedicated combustion aggregates and micro engines intended to 
work in cogeneration [7, 9] or thermodynamic combined cycles. 
The architecture and dimensions of the distributed generation 
systems can be configured towards achieving economic system 
goals by a combination of power dimensions of rated electricity 
and heat in system operation. 
Optimal work management and architectural systems power 
dimensioning is an important issue in power systems using 
combined power generation. Too-small power dimensions of the 
distributed generation system can cause reliability problems. Too-
large power dimensions can generate unnecessary costs from the 
fuel energy losses. The optimal configuration of energy sources 
can reduce costs and also improve the overall reliability and 
efficiency of the system. 
In the distributed generation technique, the power grid can be 
considered as an energy storage system. The work model that uses 
the power grid as infinite storage is called "net metering" [13]. In 
the system distributed generation technique, the possibility to 
work with connection to the grid is in most cases reliable. 
Connecting the system to the grid enables energy to be imported 
from the grid and charged to the system loads. Distributed 
generation systems can work autonomously or with power grids. 
When personal generators in the system are not able to power the 
personal loads, the required extra energy can be taken from the 
grid. When the system generators produce more power than the 
system's loads can consume, the excess energy can be sold to the 
grid or can be stored in the system’s energy store.  
The use of distributed generation systems energy sources is 
becoming standard in many applications. In distributed generation 
systems, failure of one generator does not shut down the entire 
system because the other working generators in the system are 
able to supply energy constantly.  
The use of the power level at which energy costs of the fuel-
based energy generator in the system of distributed generation are 
minimal also has disadvantages. Low power generators achieve 
low energy density per unit mass and low efficiency, which is a 
generating problem of suboptimal use of the energy stored in the 
fuel, which in effect results in the problem of increased carbon 
dioxide emissions. As a result of these disadvantages, there are 
currently doubts regarding the operation of the entire power 
system and the design of power system dimensions which are 
using renewable sources as power support.  
The solution here is to use the combined systems, 
simultaneously producing different types of energy, mainly heat 
and electricity. 
2. Equations model 
The following functions represent the characteristics of a 
thermodynamic engine powered by hydrocarbon fuel, which is 
mechanically coupled which an electrical generator. The power 
generated in the model is electricity. 
The cost equations and the price family characteristics 
presented in article are based on a model engine. The function 
ηeg(Peg) presented on Figure 1 represents the electrical efficiency 
of an engine powered by natural gas. The model Pf(Peg) fuel 
power function (Fig. 2) includes the internal energy losses in the 
engine and represents the energy supplied to the engine together 
with the fuel.  
 
 
Fig. 1. Partial efficiency characteristics of fossil fuel engine 
 
Fig. 2. Function of the power supplied to the model engine with the fuel 
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By dividing time unite the energy contained in the fuel for 
Pf(Peg) function is simplified to the fuel power. The variable of the 
Pf(Peg) function is electrical power. 
The fuel prices in the equations have been set in the range 
from 0.9 zł/kWh to 0.1 zł/kWh. The curves Figure 3 have been 
drawn up for a fossil fuel calorific value of 34 MJ/m3 and for four 
equal intervals between fuel prices. 
The reference price function Ce4(Peg) is constant for the entire 
engine power range and assumes a value corresponding only to the 
fuel price in Figure 3. 
After including the efficiency function, the prices of the 
produced energy increase and the functions of the energy prices 
become non-linear and reach minimums. The same relationship 
described above applies to the energy cost function. 
The functions from Ce0(Peg) to Ce3(Peg) shown in Figure 3 
represent the prices of electrical energy generated in the engine 
model for different fuel prices. 
 Ce0(Peg) =
Fp0∙(2−ηe(Peg)−ηe(Peg)
2
)
1+ηe(Peg)
2  (1) 
where Fp is the fuel price, Peg is the electric power, and ηe is the 
electrical efficiency. 
The reference cost of generating electrical energy in the model 
engine is represented by the following function (2). The reference 
function includes only the fuel price and engine fuel consumption 
function whose variable is electric output power. 
 𝐸𝑐𝑝4(𝑃𝑒𝑔) = 𝐹𝑝3 ∙ 𝑃𝑓(𝑃𝑒𝑔) ∙ ℎ𝑟 (2) 
where hr equals 3600 seconds, and Pf(Peg) is the fuel power. 
The energy production costs represent the functions found in 
Fig. 4. The model of costs of generating electrical energy, which 
include the electrical efficiency and energy losses, are represented 
by equations (3) and (4). 
 Ecp0(Peg) =
Fp0∙Pf(Peg)∙(2−ηe(Peg)−ηe(Peg)
2
)
1+ηe(Peg)
2 ∙ hr (3) 
 Ecp3(Peg) =
Fp4∙Pf(Peg)∙(2−ηe(Peg)−ηe(Peg)
2
)
1+ηe(Peg)
2 ∙ hr (4) 
3. Findings 
The electrical costs based on the model of the thermal engine 
consuming energy contained in fuel and the energy production 
price model are illustrated in Figure 4. 
Figure 3 gives the family of price characteristics of electrical 
energy generated in the engine for various fuel prices. Figure 3 
also gives the model generator power regulation range. The power 
regulation is dependent on the fuel prices.  
Figure 3 and Figure 4 show that the cost and price 
characteristics of the energy produced have minimums at different 
power levels and the minima positions are independent of each 
other. The analysis shows that the dislocations of costs and the 
energy price minima are caused by the non-linearity of the 
characteristics of the power supplied to the engine together with 
the fuel (Fig. 2). The more electrical power the generator 
produces, the more fuel it consumes but the increased proportions 
of fuel supplied with increasing power are disproportionate, and 
they have an upward trend. The minima of the operating costs of a 
fuel-consuming engine are found at 13.28 kW for a generator that 
can reach 30 kW. And the minimum energy prices are at 22 kW. 
For different energy prices, the cost and energy price functions 
reach minimums at the same power. In addition, the efficiency 
function reaches maximum when the electric power reaches 
21 kW (Fig. 1). 
The effect on the price of the generated energy from an engine 
working with low power is evident in Fig. 3. The Ce0(Peg) function 
for low power is more non-linear than the Ce4(Peg) function. 
In Figure 4, the unit of electricity costs is the Polish monetary 
unit. For an electrical power output of 22 kW and a fuel price of 
0.3 Polish zlotys per kilowatt, the cost of the electricity generated 
in the machine reaches the value of 30 zlotys. 
 
Fig. 3. Functions of electrical production prices 
 
Fig. 4. Electrical cost resulting from the fuel consumption and model efficiency 
of the engine. 
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Figure 4 shows that the functions of heat costs from Ecp0(Peg) 
to Ecp3(Peg) have a minimum. An exception is the Ecp4(Peg) 
function, which does not consider energy losses resulting from the 
generator efficiency. 
4. Summary 
In the studies, the impact of energy prices on a fuel-powered 
engine’s economic power range is included in the results. Figure 2 
maps the ratio between the fuel price and the price of the produced 
energy and maps the influence of the sale price on a cost efficient 
power control range of the model generator. 
The studies give the energy price characteristics of the model 
generator. Designated families of energy price characteristics 
include the electrical efficiency of the model. 
For the owner of an energy generator, the functions in Figure 
3 result from the economic profitability of including the costs of 
purchasing fuel and energy losses which result from the efficiency 
of the engine in the price of the produced energy. 
In the performed analysis, it was shown that the technical 
minima of generator operation, related to power are dependent on 
the prices of the fuel supplying the generator, economic profits 
and the sale price of the generated energy in the engine.  
Assuming that renewable energy sources produce energy 
cheaper than a model engine and can produce energy for the load 
in the operating conditions of the system for  which the work of 
the engine is unprofitable. The use of energy storage charged with 
energy from renewable energy sources is the solution to problem 
of power regulation limited by energy prices in the power systems. 
To minimize the operating costs of the engines from fuel, an 
optimal power management strategy at an acceptable cost level is 
crucial. 
In contrast to energy produced from fossil fuels, energy 
produced from renewable sources in distributed generation, 
mainly wind energy, has an uncertain generation cycle. The 
weather-limited uncertainty of renewable energy sources means 
that power systems with optimal power operation for the 
minimum cost criterion cannot fully exploit the possibilities that 
arise from the rated power of the generators. 
Currently, one of the main challenges for systems of 
distributed generation is the design of multi-objective power 
management strategies which ensure that the power meets the 
demand from its own loads, despite the intermittent nature of 
renewable energy, along with the reduction of work costs and 
achieving the intended goals. 
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